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ABSTRACT

Microalgae Sorption of Ten Individual Heavy Metals and their Effects
on Growth and Lipid Accumulation

by

Eric M. Torres, Master of Science
Utah State University, 2016
Major Professor: Dr. Jason C. Quinn
Department: Mechanical and Aerospace Engineering

As underdeveloped nations continue to industrialize and the world population
continues to increase, the need for energy, natural resources, and goods will lead to ever
increasing heavy metal concentrations in various waste streams that can have damaging
effects on plant life, wildlife, and human health. The focus of this study is to understand
the impact of individual heavy metals on Nannochloropsis salina microalgae growth and
understand the potential of microalgae to be used as a bioremediation tool for
contaminated water systems. Individual metals (As, Cd, Cr, Co, Cu, Pb, Ni, Hg, Se, and
Zn) were introduced into growth media. For each metal a baseline concentration was
determined based on reported concentrations at various municipal and industrial
wastewater sites. In addition to the baseline concentrations, experimentation was
conducted at 10X and 40X the baseline to evaluate the potential for severely
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contaminated systems. Biological growth experimentation was performed in triplicate at
the various contaminant concentrations and at 3 different light intensities. Results show
nickel significantly reduced growth, while the other metal contaminated systems showed
growth between 89% and 99% of the control. Increased heavy metal concentrations
resulted in progressively lower growth rates. Lipid analysis shows most baseline metal
concentrations slightly decrease or have minimal effects in lipid content. Metals analysis
on the biomass showed the majority of the metals in the systems containing Cd, Co, Cu,
and Pb were sorbed by the microalgae with minimal metals remaining in the growth
media illustrating the effectiveness of microalgae to effectively bioremediate
contaminated systems when contamination levels are sufficiently low to not detrimentally
impact productivity. Microalgal biomass in the systems containing As, Cr, Ni, and Se
showed decreased ability to sorb metal ions. Results show at moderate contamination
levels, microalgae can be an effective tool for bioremediation.
(65 pages)
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PUBLIC ABSTRACT

Microalgae Sorption of Ten Individual Heavy Metals and their Effects
on Growth and Lipid Accumulation

The purpose of this study is to determine the potential microalgae have for being a
heavy metal remediation tool. Heavy metals are naturally occurring elements that can be
found inside the earth or on its surface. Typically, heavy metals are found naturally at
low concentrations. However, through human activities, heavy metals are continually
making their way to the surface and being concentrated. This happens largely through
mining and manufacturing operations. For example, NiCd batteries produce waste
containing nickel and cadmium, and paper manufacturing produces waste containing high
levels of lead. As underdeveloped nations continue to industrialize and the world
population continues to increase, the need for energy, natural resources, and goods will
lead to ever increasing heavy metal concentrations that can have damaging effects on
plant life, wildlife, and human health.
Nannochloropsis salina was used in this study as it has a high lipid content,
making it a promising biofuel feedstock. This study also determined the effects that
individual heavy metals have on microalgae growth and lipid content. Microalgae were
grown in the presence of 10 individual heavy metals: arsenic, cadmium, chromium,
cobalt, copper, lead, nickel, mercury, selenium, and zinc. Results indicate at low
concentrations, most of the tested heavy metals had no significant effects on growth or
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lipid content. The microalgae were efficient at sorption of cadmium, cobalt, copper, lead,
and zinc. Results show arsenic, chromium, nickel, and selenium all had relatively low
sorption capacities. These results indicate that N. salina microalgae have the potential to
be used as a heavy metal remediation tool for specific metals. In addition, N. salina
microalgae being grown for biofuel production could be cultivated in wastewater
containing certain heavy metals without negative impacts on productivity.
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INTRODUCTION

Microalgae have been discovered to be a useful organism in many applications,
such as food, dietary supplements, medicine, fuel, and wastewater treatment. In efforts to
curb carbon dioxide emissions, microalgae are being heavily studied for biofuel and
bioproducts production due to their high lipid yields. The oil yield potential for
microalgae at 30% dry weight lipids is 130 times greater than soybean and nearly 10
times greater than the next highest oil source [1].
World population increase and industrialization will lead to ever increasing
anthropogenic wastes. The world population is projected to increase 35% by 2050, from
7.3 billion in 2015 to 9.7 billion in 2050 [2]. In addition, there are currently billions of
people living a substandard quality of life compared to the United States and other
Western nations. Continual industrialization will lead to increased levels of heavy metals
due to mining operations, both for energy and consumer goods. The need for inexpensive
and efficient methods of heavy metal removal will become increasingly imperative.
Microalgae have been studied extensively for use as a biosorbent for heavy metals and
other contaminants. However, sorption studies using Nannochloropsis salina, which has
high potential as a biofuel feedstock, are limited.
Effects of Excessive Heavy Metals
Some heavy metals are required for normal cell metabolic activity [3]. However,
high levels can lead to cell destruction affecting animals, plant life, and humans. There
are several pathways that humans are exposed to heavy metals. Common sources include
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groundwater contamination, erosion of plumbing pipes, and cigarette smoke. In addition,
heavy metals are found in paints, metals, soaps, cosmetics, pesticides, and fertilizers [4].
Some heavy metals have the ability to bioaccumulate in fish [5]. The bioaccumulation
process is illustrated in Figure 1 where methylmercury is the contaminant. The process
starts with phyto plankton (microalgae) absorbing mercury. Then zooplankton feeds on
the phyto plankton, which is fed on by small fish, which is fed on by larger fish and can
be eventually caught and consumed by humans or animals. Heavy metal concentrations
increase and become more prevalent higher on the food chain. Table 1 lists some of the
possible effects of heavy metals if exposed to humans in large amounts.

Figure 1. Example of bioaccumulation of methylmercury in aquatic food chain [6]
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Table 1. Effects on humans of high exposure to different heavy metals
Metal
Arsenic

Cadmium

Chromium
Cobalt

Copper

Lead

Nickel
Mercury
Selenium

Zinc

Effects on Humans
Short-term exposure: Nausea, vomiting, decreased red and white blood
cells, abnormal heart beat, blood vessel damage
Long-term exposure: dark skin, wart-like growths on hands, feet, and torso
[4]
Short-term exposure: vomiting, diarrhea
Long-term exposure: fragile bones, kidney disease, lung damage if inhaled
[4]
Short-term exposure: asthma, coughing, and runny nose if inhaled
Long-term exposure: liver and kidney damage, skin ulcers [4]
Short-term exposure: nausea, vomiting, skin irritation and rashes from
constant contact
Long-term exposure: lung problems if inhaled; in large amounts it can
cause deafness, nerve problems, and thickening of blood [7]
Short-term exposure: abdominal pain, diarrhea, vomiting, and yellow skin
Long-term exposure: lung damage, yellow eyes, metallic taste in mouth,
weakness [4]
Short-term: at high levels it can cause brain and kidney damage, death,
miscarriages, and reduced sperm production
Long-term: nervous system damage, weakness, increased blood pressure
[4]
Short-term: nausea, vomiting, diarrhea, headaches, and breathing problems
[4]
Brain damage, kidney damage, nervous system problems [4]
Short-term: nausea, vomiting, diarrhea
Long-term: hair loss, brittle nails, skin discoloration, tooth decay, and loss
of mental abilities [4],[8]
Humans have a high tolerance to zinc but high dosages can result in
vomiting, diarrhea, chills, coughing, fever, low blood pressure, shock,
breathing problems [9],[10]

Literature Review
N. salina and Heavy Metals
Hala et al. studied the biosorption of Zn2+ and Cd2+ ions on N. salina. Both ions
were tested at 10 mg L-1. The microalgae exhibited removal efficiencies of 95.77% and
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92.92% for Zn2+ and Cd2+, respectively. When the metals were combined in one system,
sorption of Zn increased to 98.89%, while Cd sorption decreased to 86.92% [11].
Dong et al. performed growth studies of N. salina in wastewater. They excluded
the nitrate and phosphate nutrients in f/2-Si medium and added varying percentages of
either municipal wastewater effluent or centrate from the dewatering of sludge. They
found that N. salina growth in treated municipal wastewater effluent was greatly
diminished in proportion to the amount of effluent added to the growth system. It was
concluded that growth decreased as a result of toxicity, rather than nutrient deficiency.
On the other hand, centrate from sludge dewatering enhanced growth compared to the
control (the control used 100% f/2-Si medium). In addition, they performed a study on
the effects of Cu and Zn. They determined that commonly found concentrations of
metals in municipal wastewater would not be enough to effect growth, even after dozens
of water recycling. They found that 2.64 mg L-1 of zinc would reduce growth by 50%,
which is 55 times higher than their reported effluent Zn concentration of 0.047 mg L-1.
Further, they reported that Cu at 15.06 mg L-1 would reduce growth by half, which is
over 2000 times higher than their reported effluent concentration of 0.0072 mg L-1 [12].
Napan et al. performed growth and metal sorption studies simulating heavy metal
contamination from flue gas from a coal-fired power plant. They introduced 14 heavy
metals (As, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb, Sb, Se, Sn, V and Zn) into the media at
concentrations that would be expected to be found in the growth media after 7 days of
bubbling flue gas through the system. They found that N. salina growth decreased by
about 60% compared to the control. Trace metals analysis showed removal efficiencies
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greater than 90% of Cd, Co, and Mn. As, Cr, Cu, Ni, and Pb sorption occurred at
efficiencies from 50-90%, and Sb and V sorption were less than 50%. They also found
that Hg was lost to the environment, and experienced quality control issues on Se, Sn,
and Zn leading to no conclusion [13].
Other Algae and Heavy Metals
Cheng et al. cultivated mutated Chlorella pyrenoidosa in undiluted anaerobic
digestion effluent of swine manure. The effluent contained 0.031 mg L-1 Pb, 0.028 mg L1

As, 0.0015 mg L-1 Hg, and 0.0005 mg L-1 Cd. They found that the algae removed

81.6% Pb, 53.6% As, 78.0% Hg, and 62.0% Cd. After adding phosphorus to the effluent,
the growth rate increased leading to an overall increase in metal removal. The removal
efficiencies of Hg and Cd increased to 88.4% and 90.0%, respectively. On the other
hand, Pb removal decreased slightly to 76.1% and As decreased to only 35.7% removal
[14].
Shehata and Badr (1980) performed growth studies on Scenedesmus in the
presence of varying concentrations of Cu, Cd, Ni, Zn, or Pb. They found that Cu reduced
growth rate by about 37% at concentrations up to 0.10 mg L-1, and any concentrations
higher than 0.50 mg L-1 completely inhibited growth. Growth in the presence of Cd was
sustained up to 0.10 mg L-1, but doubling to 0.20 mg L-1 completely inhibited growth. Ni
increasingly depresses growth until 1.5 mg/L concentration, while 2+ mg L-1 completely
inhibited growth. Zn increasingly slows growth until 2.0 mg L-1 concentration, while 4+
mg L-1 completely inhibited growth. In contrast, the microalgae were extremely resilient
to Pb. It only experienced 41% reduction in growth at a concentration of 30 mg L-1 [15].
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Napan et al. analyzed the effects of heavy metals expected to be contained in flue
gas from a coal-fired power plant. They grew Scenedesmus obliquus in a 10-metal
system (As, Cd, Co, Cr, Cu, Hg, Ni, Pb, Se and Zn) at concentrations estimated to be
found in growth media after one week of coal-based flue gas bubbling through the media.
Interestingly, the metal contaminated system showed higher growth compared to the
control. However, when they tested at 2, 5, and 10 times the baseline concentrations, the
growth decreased significantly compared to the control. Additionally, ICP-MS analysis
showed that a majority of the metals (Cd, Co, Cr, Cu, Ni, Pb, Se, Zn) sorbed by the
biomass at efficiencies greater than 70%. They found that Hg was lost to the
environment, and As mostly remained in the media [16].
Jones et al. performed sorption-desorption cycles using whole and lipid-extracted
Chlorella sorokiniana. The process included biomass sorption of copper (II) for 24
hours, desorbing the copper with 2% nitric acid, and then using the desorbed biomass
again as a sorbent. They found that both forms of biomass sorbed 100% of copper when
the copper concentration was 1000 mg L-1. The percentage of copper sorption decreased
steadily from 100% to < 0.5% over 6 sorption-desorption cycles for both biomasses.
They attribute the loss in sorption capacity to nitric acid damaging the functional groups
to which the copper binds. This study, however, highlights the reusability of microalgae
biomass. While the lipid extracted algae generally had lower sorption, during the fourth
cycle both biomasses showed 50% sorption [17].
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Heavy Metals in Wastewater
The amount and number of metals found in a given aqueous system is based on
the upstream processes. For example, a wastewater treatment plant (WWTP) servicing
an area with textile manufacturing will probably contain different metals at different
concentrations than a WWTP servicing an area with pulp and paper manufacturing.
Table 2 shows reported heavy metal concentrations in various waste streams. A wide
range of concentrations are reported. Other industries that produce heavy metal waste
include: paper mills, fertilizers, petroleum refineries, steelworks, aircraft plating, cement,
textile mills, tanning, and power plants [18].
Mechanisms and Variables in Heavy Metal Sorption
Adsorption vs Absorption
Heavy metal sorption takes place in 2 phases: 1) a rapid binding of ions to the
outside of the cell wall, and 2) a slow transfer of metal ion into the algal cell [31].
Adsorption describes the first phase, while absorption describes the second phase.
Adsorption is the binding of molecules to a surface. Adsorption of metal ions to algal
cells typically takes place within minutes of being in contact [32]. This is mainly due to
the positive charge of the metal ion and the negative charge of the ligands on the algal
cell wall. Absorption is the slow uptake of the metal ions into the inner algal cell. The
metal ion diffuses across the cell wall and usually depends on metabolic activity [31].
The metal ions transport across the cell wall into the cytoplasm and then often
accumulate in the vacuole. Uptake of metal ions into the inner cell only occur in living
algae, whereas adsorption can take place in living or non-living algae [31].
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Table 2. Concentrations of heavy metals reported at various water sites
mg L-1
Ghana
Goldmine
Mexican
Reservoir
Egyptian
Lake
AMD copper
mine, TN
AMD
Pikeville Coal
Mine, KY
WWTP near
paper mill and
a municipality
WWTP
centrate,
Arizona
Undiluted
AD effluent
of swine
manure
AD effluent
of municipial
wastewater
Ohio
AMD coal
mine, Korea
Stabilization
pond, Iran
Produced
Water,
Thailand
Quartzite
Mine,
Slovakia
Lake
Oloidien,
Kenya

As
7.35

Cd

0.202

Cr

Cu
Pb
5.063 0.14

Ni

0.15

0.14

0.05

3.88

0.041 0.294 0.053
0.52

0.03
0.017 0.01

0.013

Co

0.008

Se

Zn
0.042

[19]

0.11

[20]

0.355

0.043

[21]

0.075

17.4

[22]

0.16

0.023 0.012 0.018

0.022

[23]

0.0001 0.004

0.006 0.002 0.0004 0.017

0.001 0.013

[24]

0.0003

0.002 0.024 0.0006 0.007 <
0.0002

0.023

[12]

1.56

[14]

0.106

[25]

22.78

19.77

[26]

0.093 0.017

0.118

[27]

0.028 0.0005

0.23

0

0.45

13.0

0.08

Hg

0.27

0.017 0.005

0.201

0.031

0.027

0.0015

0.026

0.235

0.382

[28]

0.032

0.038

0.047 0.011

0.45

[29]

1.41

[30]

pH
Metal ion adsorption is highly dependent on medium pH. pH is the measurement
of H+ or OH- ions in a solution. Acidic solutions (pH < 7) contain more H+ ions than OH-
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ions, while the opposite is true for basic solutions (pH > 7). Typically, metal ions are
cations, meaning they possess a positive charge. The algal cell wall carries a net negative
charge. Therefore, in acidic solutions, H+ ions compete with metal cations to bind to the
algal cell wall. For this reason, higher pH medium generally leads to higher metal ion
sorption. However, heavy metals are more susceptible to precipitation at high pH levels
[33, 34].
Numerous studies have been performed on the effect of pH on metal sorption.
For example, Fraile et al. used Chlorella vulgaris to sorb copper, zinc, cadmium, and
nickel, individually. pH was varied for each metal system from about 1.5 to 8.0,
depending on the metal. They found that at pH 1.5-2.0 metal sorption was nearly
negligible for each metal. Sorption increased as pH increased. At pH values of 2.0, 4.0,
6.0, and 8.0 the sorption capacity (in mmol per g biomass) of cadmium was 0.023, 0.254,
0.292, and 0.314. Sorption of copper, zinc, and nickel followed the same trend as
cadmium sorption [35].
Cell Wall
The cell wall is responsible for adsorption of metal ions. The cell wall carries a
negative charge due to its functional groups, such as hydroxyl (-OH), phosphoryl (PO3O2), amino (-NH2), carboxyl (-COOH), and sulfhydryl (-SH) [36]. Metal cations
(positive charge) bind to these functional groups. Each species of microalgae is
composed of varying types and levels of functional groups on the cell wall. Different
heavy metal ions have varying levels of affinity for different functional groups. This is
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one of the reasons for varying metal sorption results with different microalgae species.
After adsorbing to the cell wall, the metal ions can transfer into the cell interior.
Temperature
The effects of temperature are dependent on the microalgal species and the metal
ions. Some studies have shown increasing metal sorption with increasing temperature.
For example, Aksu (2002) used Chlorella vulgaris as a biosorbent and found that nickel
(II) sorption steadily increased from approximately 35 to 48 mg/g over the range of 15-45
°C [37]. Other studies show increasing sorption with decreasing temperature. In an
earlier study, Aksu (2001) found that the removal percentage of cadmium (II) ions
decreased from 61.0% to 34.9% when temperature was increased from 20 °C to 50 °C
while using C. vulgaris [38]. On the other hand, some studies even show metal sorption
is not dependent on medium temperature. Aksu and Kutsal sorbed copper, zinc, iron,
chromium, and lead using C. vulgaris. They found temperature had insignificant effects
on lead and iron sorption, while having only slight effects on copper, zinc, and chromium
[39]. In most cases, there is an optimal range at which microalgae sorb metal ions;
however, it is dependent on the microalgae and the metal ion. It is also dependent on
whether living or non-living algae are being used. If biomass production is a desired
byproduct, then the optimal sorption range will likely be influenced by the optimal
growth temperature. Most microalgae have optimal growth between 20-30 °C [40],[41].
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MATERIALS AND METHODS

This section includes a description of conditions and methods used for microalgae
cultivation, lipid, and trace metal analysis. Metal concentrations are discussed.
Growth
Inoculum Setup
The salt water species Nannochloropsis salina (UTEX 1776) was obtained from
The Culture Collection of Algae at the University of Texas at Austin. The microalgae
were initially cultivated on solid nutrient rich medium and 3% (w/v) agar in sterile petri
dishes under 24 hours of low light. The microalgae colonies were then stepped up to
baffled Erlenmeyer flasks containing 200 mL of nutrient rich medium and continuously
illuminated on a shaker table. Finally, the microalgae were stepped up again to 1.1 L
sterile glass cylinders containing nutrient rich medium. The inoculum in the cylinders
were temperature controlled to 23°C ± 1°C by water submersion and subject to 200 µmol
m-2 s-1 of photosynthetic active radiation (PAR) on a 16/8 hours on/off duty cycle. The
media in the inoculum was replaced with fresh media every 1-2 weeks.
The growth medium consists of NaCl (299.5 mM), CaCl2∙2H2O (1.0 mM), KCl
(6.4 mM), Na2SiO3∙9H2O (0.2 mM), MgSO4∙7H2O (6.0 mM), KNO3 (10.1 mM), KH2PO4
(0.5 mM), Ammonium Ferric Citrate (2.0*10-2 mM), H3BO3 (1.5*10-2 mM),
Na2MoO4·2H2O (5.0*10-5 mM), MnCl2·4H2O (1.5*10-3 mM), ZnSO4·7H2O (2.1*10-4
mM), CuSO4·5H2O (8.0*10-5 mM). The medium was then autoclaved at 120 ⁰ C for 30
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minutes, and sterile biotin (0.1 mM), vitamin B12 (0.135 mg mL-1 ), and thiamine (6.5
mM) were then added after the medium had cooled to room temperature.
Experimental Growth System
Experimental growth was performed in batch reactors. The growth system
consisted of an enclosure, light racks, shaker table, glass cups, and gas supply. The
enclosure was made out of wood and clear Plexiglas, as shown in Figure 2. It was sealed
with sealant and foam. A New Brunswick Scientific Innova 2300 shaker table was
operated at 120 rpm with 32 individual small PBRs equally spaced on the system. The
top of the enclosure was a sheet of Plexiglas that allowed for light to radiate down onto
the growth systems. Illumination was provided by T5 fluorescent bulbs. A conventional
window A/C unit sat at the rear of the enclosure and was set to 25 °C, which held the
growth systems at about 27 °C. The pH of the system was controlled through active
feedback with a pH sensor at 7.5 ± 1.0. Air and carbon dioxide introduced into the
system was humidified and filtered. Air was supplied continuously while carbon dioxide
was controlled through the pH sensor.
Prior to inoculation, the small PBRs were washed with soap and rinsed with
deionized water. They were then placed in 10% nitric acid (HNO3) over night to remove
all metals adsorbed to the glass surface. They were rinsed again with deionized water
and autoclaved at 120 °C for 20 minutes. The PBRs were then inoculated with 150 mL
of culture at approximately 1 g biomass per L medium. The heavy metals were also
added at this time.
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Figure 2. The microalgae growth system is constructed of wood and Plexiglas with light
and air control. The cups rotate on a shaker table inside the enclosure.
Experimentation took place under 3 photosynthetic active radiation (PAR) levels,
which correspond to approximately 200 µmol m-2 s-1, 450 µmol m-2 s-1, and 800 µmol m-2
s-1. These light levels are referred to as low, medium, and high light intensities. PAR is
the wavelength spectrum of light (400 to 700 nm) that plants are able to use during
photosynthesis. Under each light, microalgae are grown in metal concentrations of 1X
(baseline), 10X, and 40X. Each growth trial lasted approximately 4.2 days, which has
been shown as sufficient time for most intracellular sorption to take place [42].
Biomass Measurement
Biomass density was measured via optical density (OD) at 750 nm using a
GENESYS 5 spectrophotometer. OD was correlated to ash free dry weight. Data is
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presented in the appendix. The OD of each system was measured everyday including at
the start and end of each growth trial. The equation for the TSS is given as
𝐴𝐹𝐷𝑊(𝑂𝐷) = 0.54345 ∗ (𝑂𝐷) − 0.8092

(1)

where the OD is calculated based on the dilution of the aliquot with deionized water. The
correlation coefficient is R2=0.987.
Heavy Metals
The following heavy metals were chosen to be studied: arsenic (III), cadmium
(II), chromium (VI), cobalt (II), copper (II), lead (II), nickel (II), mercury (II), selenium
(IV), and zinc (II). These are ten of the most common contaminants in wastewater
systems [43, 44]. The baseline concentration (referred to as 1X hereafter) of each metal
is the same as concentrations used by Napan and Butler at Utah State University [42, 45].
Continued use of their baseline concentrations facilitates comparison between results.
The concentrations they used are based on conservative assumptions of the quantity of
metals expected to accumulate in growth media after bubbling coal fired flue gas through
the system for 7 days. Upon review of reported heavy metal concentrations in literature,
the baseline concentration is commonly found in various wastewaters [19-23, 27-30].
Additionally, growth trials were conducted at 10 times and 40 times the baseline
concentration in order to evaluate other higher contaminated wastewaters. Table 3 shows
the concentrations of each metal in terms of mg L-1 and the source of the heavy metal.
Figure 3 shows how the tested metal concentrations compare to reported concentrations
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at various wastewater sites. The concentrations tested in this study are applicable to a
wide range of reported heavy metal concentrations.
Individual metal stocks were prepared by adding the metal salt (as shown in Table
3) to a volume of deionized water. Stocks were prepared such that 0.25 mL would supply
an amount of 1X metals concentration to each growth cup. For example, at the 40X
concentration, 10 mL of the metal stock would be added to the growth medium of each
cup. Each metal stock was re-made between changing the light intensities and were kept
in a refrigerator (0 °C to 1 °C) for preservation.
Table 3. Heavy metal concentrations at 1X, 10X, and 40X concentrations and the heavy
metal salt source
Metal

Salt

1X,

10X,

40X,

mg L-1

mg L-1

mg L-1

As (III) NaAsO2

0.078

0.78

3.12

Cd (II)

CdCl2

0.015

0.15

0.6

Cr (VI)

Na2Cr2O7·2H2O 0.13

1.3

5.2

Co (II)

CoCl2·6H2O

0.016

0.16

0.64

Cu (II)

CuCl2·2H2O

0.13

1.3

5.2

Pb (II)

PbCl2

0.054

0.54

2.16

Ni (II)

NiCl2·6H2O

0.25

2.5

10

Hg (II)

HgCl2

0.01

0.1

0.4

Se (IV)

Na2SeO3

0.01

0.1

0.4

Zn (II)

ZnCl2

0.44

4.4

17.6
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Figure 3. Concentrations of heavy metals at various wastewater sites compared to the
1X, 10X, and 40X concentrations [19-23, 28-30].
Lipid Analysis
Lipid analysis was performed using a sulpho-phospho-vanillin (SPV) colorimetric
method. The method follows closely with the method prescribed by Mishra et al. [46]. A
colorimetry is a method that finds the unknown quantity of a compound in a solution
based on the color change due to a chemical reaction. In the SPV lipid analysis, the
lipids in microalgae biomass react with sulfuric acid, phosphoric acid, and vanillin and a
color change takes place, which is measured at 530 nm with a Hach DR 5000
spectrophotometer.
At the beginning of each day new phospo-vanillin reagent was prepared. The
reagent consisted of 0.3 vanillin, 5 mL of 200 proof ethanol, 45 mL of deionized water,
and 200 mL of phosphoric acid. Then 35 mg of dry microalgae biomass was combined
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with 15 mL of deionized water and mixed well for a homogenous solution. A volume of
100 µl of the microalgae solution was digested in a screw cap vial containing 2 mL of
sulfuric acid at 100 °C for 10 minutes. The vials were then cooled in an ice bath for 5
minutes, and 5 mL of the phospho-vanillin reagent was added to each vial and incubated
at 37 °C for 15 minutes. After 15 minutes the vials were cooled in an ice bath for 2
minutes, and the OD of the vials were measured. The spectrophotometer was zeroed on a
vial containing no biomass (100 µL of deionized water was used instead of the
microalgae stock solution). The lipid content was then calculated based on the standard
curve, the known amount of microalgae used, and the measured OD.
The standard curve was made using varying levels of known lipid quantities using
canola oil dissolved in chloroform. It is assumed the canola oil is 100% lipids. Figure 4
is a photograph of the vials containing 0 to 100 µg of lipids. This clearly depicts the
color change that occurs when the lipids react with sulfuric acid and the phospho-vanillin
reagent. Samples containing higher quantities of lipids produce a darker red color. The
standard curve was linear with a correlation coefficient of R2=0.999. A continuing
calibration verification (CCV) control was run with each batch to ensure no drift from the
standard calibration curve.
Metal Analysis
Metal analysis was performed through inductively coupled plasma mass
spectrometry (ICP-MS). The biomass was first centrifuged and freeze-dried.
Approximately 100 mg of dried biomass was added to a test tube with 1 mL of trace
metal grade nitric acid (70%) and heated at 95 °C. The digestion took place over a time

18

Figure 4. Vials containing 0 to 100 µg lipids for standard curve. Higher lipid content
yields darker red color.
of approximately three days, or until the solution was visibly clear. During this time 0.2
mL of nitric acid was added at incrementally so that the final volume of nitric acid ended
around 3 mL. Samples were vortexed regularly. After digestion, samples were
transferred to 10 mL Luer-Lok tip syringes and filtered through 0.45 µm filters into a 25
mL volumetric vial. Deionized water was then ran though the syringe and filter to
capture any residuals and added to the volumetric vial until the 25 mL mark. 10 mL was
then transferred to a capped test tube and stored in refrigerator until analysis. ICP-MS
analysis was performed by the Utah Water Research Laboratory.
Statistical Analysis
Statistical analysis was performed using a two-tail, two-sample equal variance
Student’s t-test with P < 0.05. Error bars represent +/- 1 standard deviation. Error on
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calculated results (e.g. biomass productivity) is calculated using the Taylor series method
of error propagation based on one standard deviation [47].
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RESULTS AND DISCUSSION

The results of biomass productivity, lipids content, and heavy metals sorption are
presented. Biomass growth is presented as a function of time and as a percentage of the
control. Metals and lipids analyses were conducted on the harvested biomass and are
representative of the biomass at the end of each growth trial.
Biomass Productivity
In general, heavy metal toxicity is due to their oxidative effects on intracellular
components [48]. The algal cell contains antioxidants, such as glutathione, which protect
the cell from heavy metals and other compounds that induce oxidation [49]. Elevated
levels of contaminants inside the cell can overcome the antioxidants resulting in damage
to cell components, including the chloroplasts. Since chloroplasts are responsible for
photosynthesis, biomass growth would be negatively impacted. Heavy metals have also
been shown to inhibit growth by competing with essential Ca2+ ions at binding sites [50].
The contaminants in this study that had negative effects on growth could be affecting the
algal cell in one of these manners.
Biomass growth in terms of ash free dry weight (AFDW) as a function of time for
all trials are presented in Figure 5 through Figure 7. Figure 8 shows the biomass
productivity in terms of a percent of the control. At the 1X metals concentration, except
for nickel, all of the contaminated systems showed no statistical difference compared to
the control (Student’s t-test, P > 0.05). Microalgae contaminated with nickel sustained
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growth for one day before completely inhibiting growth (Student’s t-test, P < 0.05).
Research has shown that nickel can decrease macromolecule formation [51].
Increasing each contaminant to the 10X concentrations leads to a slightly wider
spread of results. As, Cd, Cr, Co, Pb, Hg, and Se have no statistically significant effect
on growth (Student’s t-test, P > 0.05). Nickel, copper, and zinc exhibited significantly
negative effects on growth (Student’s t-test, P < 0.05). As shown in Figure 8, growth at
the 10X nickel concentration was 23.4% ± 4.2, 8.7% ± 2.1, and -14.8% ±4.6 of the
control under low, medium, and high light, respectively. Nickel systems sustained
growth for one day before leveling off and dropping. Growth at the 10X copper
concentration was 53.7% ±5.7, 62.5% ±7.5, and 69.4% ±5.2, respectively, compared to
the control. Copper contaminated microalgae showed decreased growth during the first 2
days before showing similar growth rates to the control. Microalgae at the 10X zinc
concentration sustained high growth of 91.1% ±6.1, 85.2% ±4.3, and 81.0% ±4.0,
respectively, compared to the control. Microalgae in the presence of zinc followed a
similar growth trend to the control, albeit slightly reduced.
At the 40X concentration, all 10 contaminants resulted in a significant difference
compared to the control (Student’s t-test, P < 0.05). At the low and medium light
intensities, half the contaminants substantially reduced growth. Compared to the control,
arsenic growth was 35.2% ±2.0 and 12.0% ±5.4 at the low and medium light intensities,
respectively. Chromium growth decreased to 22.2% ±3.0 and 4.1% ±9.1, respectively.
Zinc decreased growth to 45.3% ±2.3 and 21.8% ±6.4, respectively. Under low light,
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Figure 5. Ash free dry weight (AFDW) at the low light intensity (200 µmol m-2 s-1) as a
function of time for each contaminant and the control. Results are the average where n=3
for the metal contaminated systems, and n=2 for the controls. See the appendix for
standard deviations.

Figure 6. Ash free dry weight (AFDW) at the medium light intensity (450 µmol m-2 s-1)
as a function of time for each contaminant and the control. Results are the average where
n=3 for the metal contaminated systems, and n=2 for the controls. See the appendix for
standard deviations.
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Figure 7. Ash free dry weight (AFDW) at the high light intensity (800 µmol m-2 s-1) as a
function of time for each contaminant and the control. Results are the average where n=3
for the metal contaminated systems, and n=2 for the controls. See the appendix for
standard deviations.
arsenic has fairly linear growth, although at a lower slope, as seen in Figure 5c. Zinc
maintained growth similar to the control until day 2 (Figure 5c), however, after that
growth only increased from 1.6 g L-1 to 1.8 g L-1. Similarly, chromium maintained
growth similar to the control over the first 2 days (Figure 5c). However, from day 2 to 3,
growth increased only slightly from 1.7 to 1.9 g L-1, before falling to 1.4 g L-1 at the end
of the trial.
At the high light intensity, the negative effects of arsenic, chromium, and zinc at
the 40X concentrations were not as pronounced compared to the other light intensities.
Arsenic, chromium, and zinc reduced growth to only 78.1% ±3.9, 69.6% ±7.4, and 63.5%
±3.3, respectively, as shown in Figure 8. One explanation for this could be that the
increase in PAR leads to increased biomass production before the metal ions are taken
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into the cell interior and causes damage. During this time, growth dilution decreased the
toxicity of the metal ions in the culture.

Figure 8. Biomass growth presented in as a percentage of the control systems. * indicates
trials that that were statistically the same as the control using Student’s t-test, P > 0.05.
Nickel at the 40X concentration decreased growth to 50.6% ±2.6, 16.7% ±1.4,
and 24.0% ±4.2 compared to the control under low, medium, and high light.
Interestingly, this is improved growth compared to the 1X and 10X concentrations.
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Copper exhibited destructive effects at the 40X concentration and completely inhibited
growth. Copper is a known algicide [52-54]. One study the marine diatom
Phaeodactylum found 0.1 mg L-1 Cu to reduce growth by 50% and 1 mg L-1 inhibited
growth [55]. Another study determined Cu to kill microalgae at 0.300 mg L-1 [52].
Copper is known to react with glutathione [56], which can inhibit cell division. In
addition, copper has shown to have damaging effects on cell walls, leading to destruction
[57]. Although both nickel and copper have very significant negative effects on growth,
they affect the microalgae differently. The microalgae appear to still be alive in the
presence of nickel as observed by the light green color in Figure 9. On the other hand,
copper completely kills the algal cells as evident by the brown color shown in Figure 9.

Figure 9. Photo of all 32 cups after growth trial at 40X, high light conditions. Copper
exhibits brown color versus light green for nickel systems and dark green for the healthy
controls.
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Growth in systems contaminated with Hg, Cd, Pb, Se, or Co at the 40X
concentrations were relatively high but significantly different from the control (Student’s
t-test, P > 0.05). The growth of systems contaminated with 40X concentrations of Hg,
Cd, Pb, Se, and Co decreased to 89.8% ±4.0, 88.6% ±1.9, 84.1% ±4.1, 81.0% ±4.2, and
82.2% ±2.7. Mercury likely has minimal effect due to volatilization of mercury ions.
Through metal analysis on microalgae biomass and supernatant, Napan et al. determined
nearly all (90%) mercury ions were lost [42]. It is likely that Hg2+ reduced to elemental
Hg0 and volatilized. This occurrence is well documented in literature [58-61]. Therefore,
mercury exhibited minimal effect on biomass productivity.
Biomass productivity nearly increased in proportion to light intensity from low to
medium light, as evident by about a 2X increase in biomass productivity (g L-1 day-1)
when increasing from 200 µmol m-2 s-1 to 450 µmol m-2 s-1. At the high light (800 µmol
m-2 s-1) light saturation was present. A nearly 2-fold increase in light did not yield a 2X
increase in biomass, such as the case when light is increased from low to medium light.
In fact, the productivity of the controls systems under medium light was slightly higher
than under high light, 0.9 ±0.09 g L-1 day-1 compared to 0.87 ±0.07 g L-1 day-1 under high
light.
Lipid Content
Lipid content is dependent on several factors, including nitrogen availability,
salinity, and light intensity [62]. The lipid contents for trials at the 1X concentration are
shown in Figure 10. The bars represent the lipid content, while the diamonds represent
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the biomass productivity. A control sample was taken at the beginning of each growth
trial in order to determine the starting lipid content.
At the 1X concentration, the only metal that had a significant impact on biomass
productivity was nickel. For all metals except nickel, the lipid content mostly follows the
biomass productivity trend. Increased growth means decreased nutrients, which results in
higher lipids. Interestingly, nickel yielded the highest lipid content, despite little to no
growth. Under high light, nickel yielded 25.3%, which is higher than the starting control
sample of 21.5%, as emphasized in Figure 10. Nickel inhibited growth, but it did not
appear to be fatal to the algal cell. This suggests nickel induces stress which results in
increased lipid accumulation.
Oxidative stress on the algal cell has been shown to induce lipid accumulation as
a defense mechanism [63-65]. Nickel and other heavy metals enter the cell and results in
the production reactive oxygen species (ROS). The cell produces various antioxidants
(e.g., tocopherols, β-carotene, proline) in order to balance the oxidation caused by ROS
[66-68]. For example, tocopherols prevent damage to the lipids on the cellular
membranes by undergoing oxidation-reduction reaction [68]. In response, the cytoplasm
produces lipid droplets to act as a sink for these antioxidants which in turn increases
antioxidant production [69].
Similar trends are seen at the 10X concentrations. Figure 11 shows the lipid
content at the 10X concentration for each light level. Again, increased growth led to
increased lipid content. Under low light, lipid content of the control decreased from start

28

Figure 10. Lipid content at the 1X concentration for all three light levels. Bars represent
lipid content, while diamonds represent biomass productivity. Error bars are based
standard deviation (n=3). Green bars represent the lipid content at the beginning and end
of trials.

Figure 11. Lipid content at the 10X concentration for all three light levels. Bars
represent lipid content, while diamonds represent biomass productivity. Error bars are
based standard deviation (n=3). Green bars represent the lipid content at the beginning
and end of trials.
to finish. This is likely because the inoculum was at a nutrient deficient phase, resulting
in higher lipids. Then, the lipid content dropped because the algae were introduced to
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high nutrient medium [62]. The low light intensity did not produce growth that resulted
in nutrient deficient conditions.
Microalgae contaminated with nickel resulted in high relatively high lipid
content. Under low light, nickel did not significantly increase lipid content compared to
the starting control; however, under medium and high light, lipid content increased by an
average of 2.8% and 3.2%, respectively.
Besides nickel, copper was the other metal that had significant negative effects on
biomass productivity. In contrast to nickel, copper had damaging effects on lipid content.
As seen in , under medium light the lipid content of copper was low at 19.9% compared
to nickel at 25.5% and the starting control at 22.7%. At the 10X concentration, copper is
not yet lethal to the microalgae. Therefore, this decrease in lipid content is likely due to
the same reason as the other metals. Specifically, lower biomass productivity results in
low lipids due to lack of nutrient depletion.
Figure 12 shows the lipid content results for the 40X concentrations at each light
level. Under low light conditions, the ending control lipid content was much lower
compared to the starting lipid content (22.3% compared to 30.4%). Hg, Cd, Pb, Se, and
Co had similar growth compared to the control, which resulted in similar lipid content.
Furthermore, As, Zn, and Cr exhibited decreased growth, but higher lipids. This may
also be attributed to the dependence of lipid production on nutrient availability. The
higher lipid content of these metals is likely due to the media never reaching a nutrient
deficient stage due to the reduced growth caused by the contaminants.
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Microalgae in the presence of copper at 40X concentration had low lipid content.
The lipid content at the medium and high light was 15.0% and 15.4%, respectively. This
is considerably lower than the effects of other metals that had negative effects on
productivity. Under low light, the lipid content of copper contaminated microalgae is
similar to the other metal systems at 20.9%; however, this is likely coincidental since the
microalgae started the trial at the high lipid content of 30.4%.
Again, nickel at the 40X concentration increases lipid content. Under high light,
nickel contaminated systems yielded 25.5% lipid content, while the starting control was
at 22.5%, an increase despite low biomass production.

Figure 12. Lipid content at the 40X concentration for all three light levels. Bars
represent lipid content, while diamonds represent biomass productivity. Error bars are
based standard deviation (n=3). Green bars represent the lipid content at the beginning
and end of trials.
Metal Sorption
Metal sorption results as a percentage of the initial concentration are shown in
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Figure 13. The microalgae are effective at sorbing Cd, Pb, Co, Zn, and Cu, while
showing varying degrees of ineffective sorption of Se, As, Cr, and Ni. Mercury was not
tested for sorption since results from other researchers have shown that nearly no amount
of mercury remains in the biomass or media.
Some results indicate over 100% sorption. Since trace amounts of each
contaminant were added to the individual systems, small amounts of contamination will
have magnified effects on sorption percentage. Zinc is a common contaminant in
laboratories and may be introduced by contact with steel, glass, plastic, and air [70].
Error in measurements (e.g. contaminant salts initially added, microalgae mass in the
system, mass of microalgae analyzed in ICP-MS) have the ability to produce results
greater than 100%. In addition, the ICP-MS results are accurate to +/- 10% at the 95%
confidence level.
Interestingly, cadmium was progressively sorbed as the initial concentration
increased. This occurred under all three levels of light. For example, under low light, the
biomass sorbed 71% at the 1X concentration compared to 91% at the 40X concentration.
The percent sorbed also increased with higher light, which corresponds with an increase
in biomass production. At the 10X concentration, sorption increased from 93% to 109%
to 133%.
Cobalt, lead and cadmium sorption percentage were all high. The average cobalt
sorption percentages at 1X, 10X, and 40X were 103%, 103%, and 92%. The average
percentages sorbed by lead and cadmium during all trials were 96% and 99%. A value of
261% was obtained for lead at the 1X, low light, which points to contamination. Lead is
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a common contaminant, and since the trial was at the low 1X concentration, a very small
amount of contamination could lead to this very high value. However, based off the
results of the other trials at the 1X concentration, it can be speculated that the actual value
would have been >90%. Initial metal concentration and light intensity did not play a
significant role in the results.

Figure 13. Metal sorption as a percent of the initial concentrations of each metal
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A large amount of zinc was sorbed by the biomass. Nearly all zinc trials showed
>100% sorption. Three trials showed a considerable amount of contamination.
Excluding those three trials, the average percentage sorbed was 107%. Zinc is a very
abundant element. It is found in water, dust, and even the air. It is therefore not
uncommon to see results similar to those obtained in this study [70]. Initial metal
concentration and light intensity did not appear to significantly influence these results.
Selenium exhibited low sorption to the biomass. At the 1X concentration,
sorption was as low as 20% at low light conditions and as high as 40% at the medium
light condition. Increasing to the 10X concentration yielded slightly higher sorption of
27% at low light and 39% at high light. A sharp increase in sorption occurs when
increasing to the 40X concentration. Under low light, 52% was sorbed while 90% was
sorbed under high light. This increase in sorption percentage at high metal ion
concentrations is not unique to this study. Other researchers have found an increase in
zinc removal percentage with increasing initial zinc concentrations [71, 72].
Arsenic sorption percentage was the highest at the 1X concentration. At 1X it
averaged 82% sorption with minimal change with different light intensities. However,
increasing the metal concentration to 10X resulted in decrease to 29% average sorption,
again with minimal change with light intensity. At the 40X concentration, sorption was
the lowest at the low and medium light intensity, 13% and 12%, respectively. However,
under high light conditions, sorption increased to 37% at the 40X concentration. Arsenic
significantly inhibited growth at 40X at low and medium light conditions, which means
there was less biomass to act as a biosorbent. The increased PAR under the high light
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trials allowed the microalgae to overcome the inhibitory effects of arsenic and resulted in
increased biosorbent biomass. For this reason, the arsenic was sorbed at a higher
efficiency under high light conditions compared to medium and low light. These results
are not atypical. Microalgae are known to uptake arsenic, metabolize it, and then excrete
it back into the medium [73, 74]. Chlorella vulgaris has been shown to transform As(III)
to As(V) and methyl-, dimethyl-, and trimethyl-arsenic species [73]. Studies have been
performed in efforts to increase the retention of arsenic within the algal cell [75, 76].
Chromium did not attach to the biomass efficiently. The average sorption
percentages at 1X, 10X, and 40X concentrations were 38%, 31%, and 52%. An increase
in sorption at 40X was significantly higher than the other concentrations. Increased light
did not have a significant impact on sorption. At the 40X concentration under medium
light, the biomass growth was very small, which would explain the lower sorption (39%
compared to 64% and 54% at low and high light. However, the percent sorbed when
growth was significantly negatively impacted is still comparable to the sustained growth
systems. Biomass growth at medium light, 40X concentration was similar to growth at
low light, 40X. However, the healthy biomass at the low light was more efficient at
chromium sorption than the unhealthy biomass at the medium light. This suggests that
the health of microalgae can play a role in metal sorption characteristics.
In general, nickel sorption increased with increasing light intensity. At the 1X
concentration, sorption increased from 33% to 74% to 85% at the low, medium, and high
light intensities. Similarly, at 40X, the sorption increased from 14% to 19% to 56% at
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the increasing light intensities. At 10X, sorption increased from 30% to 76% from low to
medium light. However, at the high light, the 10X concentration trial decreased to 31%.
The microalgae have a strong capacity to sorb copper. At the 1X and 10X
concentrations, when growth was sustained, copper sorption was 93% and 97%,
respectively. At the 40X concentration, when copper was fatal to the microalgae,
sorption averaged 60%. Sorption was not significantly influenced by light intensity.
Figure 14 shows the metal sorption results in terms of milligrams of metal per
gram of dry mass microalgae. The x’s represent the sorption percentage and are exactly
the same as in Figure 13, but it is included here for reference. This data shows that the
microalgae biomass is able to sorb higher increased amounts of metal with higher metal
concentrations. This suggests that the metal ion concentration gradient between the
media and the algal cell drive metal ions to the algal cell.
Another observation is that “growth dilution” plays a factor in metal sorption.
Growth dilution is simply the increase in metal sorption due to an increase in biomass
growth. For example, cadmium at the 40X concentration has decreasing mg/g values
with increasing light intensity, while at the same time the percent sorbed increases. An
increase in light intensity, in general, leads to higher biomass production, which leads to
an increase of binding sites for the metal ions. This phenomenon occurs for each metal.
This would be a reason to use live microalgae for heavy metal remediation. Inactivated
microalgae would not benefit from an increase in active sites.
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Figure 14. Metal sorption in terms of mg metal sorbed per g dry biomass. The bars
pertain to the metal sorption in mg/g, while the x’s pertain to the percent of metals
sorbed.
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CONCLUSION

As the world continues to industrialize and require the mining of the earth, heavy
metals will increasingly abound on the earth’s surface and increase the risk of toxic
exposure to humans. This will drive a need for an inexpensive method of heavy metal
remediation. The use of microalgae as a heavy metal remediation tool has been a source
of discussion for several decades. However, the potential biofuel feedstock species of
microalgae Nannochloropsis salina has been used in very few studies with regard to
heavy metal sorption. This study determined that N. salina is resilient in the presence of
arsenic, cadmium, chromium, cobalt, lead, selenium, and zinc. Mercury showed no
significant impact on biomass growth or lipid content; however, based on literature and
pervious work at USU, it is assumed that mercury almost completely volatilizes, and
therefore, few conclusions can be made on the effects of mercury. Nickel significantly
inhibited growth, while copper at high concentrations not only inhibited growth but
completely killed the microalgae.
Lipid content appeared to be a function of biomass growth and nutrient
availability. Nickel was the only metal that had noticeable effects. Despite low biomass
growth, nickel induced a stress that increased lipid content.
Metal analysis revealed that cadmium, cobalt, copper, lead, and zinc are highly
sorbed by the microalgae. Arsenic, chromium, nickel, and selenium have relatively low
sorption capacities. The percentage of heavy metals sorbed increased with increased
growth due to an increase in algal cell wall surface area.
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Future work could include the following:








Variable pH sorption studies
Biosorption using lipid-extracted algae (LEA)
Increasing metal concentrations until microalgae growth is no longer viable
Perform sorption studies using actual wastewater
Design the system that employs microalgae as a biosorbent
Perform LCA and TEA of heavy metals remediation system using microalgae
Further investigation on the effects of nickel on productivity
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Appendix A. Optical Density Correlated to Ash Free Dry Weight
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Figure 15. Correlation of optical density to ash free dry weight.
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Appendix B. Lipid Analysis
Microalgae SPV Lipid Content Analysis
1. Phospho-vanillin reagent preparation
a. Obtain a clean 250 mL volumetric vial
b. Add 0.3 g vanillin- weigh on scale
c. Add 5 mL 200 proof ethanol
stirring continuously
d. Add 45 mL DI water- 25 mL pipette
e. Add 200 mL phosphoric acid (add until volumetric line)
f. Stir 10 minutes
g. Store in dark until use
h. Transfer to another container if desired
2. Place a beaker with water in the freezer for the ice bath after the sulfuric acid reaction
3. Microalgae Dilution
a. Measure 35 mg dry algae into test tube
b. Add 15 mL DI water and mix well to get rid of biomass chunks
4. Controls
a. Blank- consists of 100 µL water (no microalgae)
b. CCV- prepare a CCV at 60 µg
i. 30 µL of stock, where stock is made by 20 mg canola oil in 10 mg
chloroform ( see Standard Curve procedure )
5. Reaction
a. Add 100 µL of microalgae dilution to screw cap test tube
b. Add 2 mL concentrated sulfuric acid and apply cap
c. Vortex
d. Heat at 100 C for 10 minutes, vortex again at 5 minutes
e. Cool for 5 min in ice bath
f. Dry each test tubes
g. Add 5 mL phospho-vanillin reagent to each test tube
i. Inject reagent so that it slides down the wall of vial instead of straight
down into the sulfuric acid. This reduces the reaction so that all of the
vials can start the reaction at about the same time instead of having the
first vials having a couple minutes longer. This is important because
the reaction tends to continue to take place beyond 15 minutes.
h. Heat at 37 C for 15 minutes
i. Invert every 2-3 minutes
i. Cool in ice bath for 2 minutes
j. Dry each test tube
k. Read OD at 530 nm, zero out on blank
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Standard Curve results
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Figure 16. Standard curve for SPV lipid analysis.

Biomass was used from the same source.
GC-MS (n=4)
26.8%
25.7%
26.4%
25.8%
Average = 26.2%
Standard Deviation = 0.52

SPV (n=8)
23.0%
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26.5%
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Average = 26.5%
Standard Deviation = 1.62

Figure 17. Comparison of SPV lipid analysis with GC-MS lipid analysis.
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Appendix C. Growth Results with Error Bars

Figure 18. Ash free dry weight (AFDW) at the low light intensity (200 µmol m-2 s-1) as a
function of time for each contaminant and the control. Results are the average where n=3
for the metal contaminated systems, and n=2 for the controls, and error bars represent ±
one standard deviation.

Figure 19. Ash free dry weight (AFDW) at the medium light intensity (450 µmol m-2 s-1)
as a function of time for each contaminant and the control. Results are the average where
n=3 for the metal contaminated systems, and n=2 for the controls, and error bars
represent ± one standard deviation.
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Figure 20. Ash free dry weight (AFDW) at the high light intensity (850 µmol m-2 s-1) as
a function of time for each contaminant and the control. Results are the average where
n=3 for the metal contaminated systems, and n=2 for the controls, and error bars
represent ± one standard deviation.

